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A  	area m2		emissivity
Aall	total surface area for food block m2	  	Stefan-Boltzmann  constant
T	temperature K		(= 5.67 x 10-8 W m-2 K-4)
Qrft	 thermal radiation power to food top surface W		difference
qcool	cooling energy input to the food kJ	Subscript:	
Dt	time from food manufacture to sale (s)	b	blackbody
qelect	electrical energy input to the refrigerator kJ	r	room enclosure
COP	coefficient of performance	ft	food top surface
F	view factor between top surface of food and room	evap	freezer evaporator
U	overall heat transfer coefficient W m-2K-1	p	packaging
		fz	freezer air 

1.0   INTRODUCTION
Supermarkets are large consumers of energy, accounting for up to 5% of the UK’s total consumption with about half of this energy consumed by open display type refrigerator cabinets.  These cabinets maintain food temperatures by offsetting the heat load (mainly radiant) from the environment.  If the radiant heat load can be minimised, then the energy required to offset the heat load can be reduced, and the energy consumption needed for refrigeration in supermarkets will be reduced.

In the 1970s Unilever Research Laboratory (Hawkins et al, 1973), showed that by applying low emissivity materials for packaging, the heat load and food temperature were significantly reduced; consequently the refrigerant temperature could be increased, resulting in a more efficient process.  It was shown that it was possible to raise refrigerant evaporating temperatures by up to 14K by using low emissivity coatings.  Such a significant increase would have a very large impact on the refrigeration system coefficient of performance (COP).  For example, for current freezer cabinets operating at evaporation temperatures of -35°C, for every 1K rise of refrigerant evaporation temperature (e.g. from -35°C to -34°C), the COP of the system increases by nearly 3%.  Since 1973, the use of reflective packaging has been reported as potentially applicable a number of times (Leighton, 1998). Despite a range of techniques for manufacturing being available (Hirvikorpi, 2010); in a recent review it was reported that for the technology to be implemented, food packaging would need to be changed and applied by food manufacturers (Carbon Trust, 2010).With such development, energy use and carbon emissions could be reduced significantly.  

Food packaging is used to market and to preserve products. Consequently materials selection is determined by various factors including aesthetic appearance, actual cost and perceived value and the chemistry and behaviour of the food itself.  This latter factor in particular has encouraged the development of materials with specific barrier properties such as porosity and permeability (Hernandez, 1997) and variation in levels of emissivity.  In some instances a single material will suffice but, since the 1970s many more complex composite materials have been developed and are presently in widespread use as food packaging, although they are not generally used for refrigerated foods.   Disadvantages of the packaging materials investigated during the Unilever work included the difficulty of printing marketing information on the packaging surface while maintaining the reflective properties needed.  Also, these materials were opaque, of limited flexibility, easily torn, and it was difficult to produce an airtight seal. As a result, this technology was not adopted at this time. Subsequently, developments in packaging technology and manufacturing processes have overcome the earlier disadvantages of these materials, permitting printing onto the external surfaces of low emissivity packaging, while still retaining their reflective properties. This paper describes a study undertaken to investigate the potential of current low emissivity food packaging materials for increasing refrigeration efficiency and reducing energy consumption and CO2 equivalent emissions. 

To estimate the likely effect of packaging emissivity on the efficiency of a freezer, preliminary calculations were undertaken to predict the freezer evaporator temperatures required to maintain a given (frozen) food temperature for a range of packaging emissivity values.  Hawkins et al (1973) described a heat balance equation relating the surrounding room temperature, packaging emissivity and food temperature, which assumed that the radiation heat absorbed by the food was exactly balanced by the convective and conductive heat transfer processes removing this heat from the food within the refrigerator/freezer. A similar approach has been used in the present study to predict freezer air temperatures for a range of packaging emissivities for an idealized representation of the experimental set-up used in the present tests. In these tests (described in more detail in section 2.2), food samples (i.e. rectangular food blocks) were placed on a polished metal (steel) plate in an open display (well–type) freezer. After equilibration, the metal plate was found to be at effectively the same temperature as the freezer air (T < 1°C). Therefore, for the current calculations the food sample base and freezer cabinet air temperatures were assumed to be the same. It was also assumed that heat gain to the top surface of the food block was by radiation only and heat losses were by convection from the top surface and conduction through the base of the sample. Heat gains and losses through the sides of the food block were neglected. Therefore, one dimensional, steady state heat transfer was assumed. Since both the temperature differences and areas for convection and conduction heat transfer were the same (although taking place at opposite faces of the rectangular food block), their effects were combined in the form of an overall heat transfer coefficient.  The radiation heat transfer to the top surface of the food block was then equated to the convective and conductive heat losses from the the food, using equation (eq.) 1 below.

FprAft(Tr4-Tft4) = UAft(Tft-Tfz)  ------------------------ (1)

The following data, based on preliminary experimental measurements was substituted into eq. 1: 
Tft, = -16.0C (257K); Tfz = -26.7°C (246.3K); Tr = 20°C (293K); p = 0.79; Aft = 6.5 x 10-3 m2; and values of r=1 and F = 1 were assumed. Using these values an overall heat transfer coefficient U was calculated. Assuming U to remain constant, eq. 1 was used to predict freezer air temperatures (Tfz) for a range of packaging emissivity (p) values, as shown in Table 1.

“Take in Table 1”

Preliminary measurements also showed that the freezer evaporator temperatures were of the order of 10°C lower than the freezer air temperatures, therefore by assuming this temperature difference to be constant for all of the freezer air temperatures considered, freezer evaporator temperatures corresponding to each emissivity value were also derived. These evaporator temperatures were then used as input values for the refrigeration cycle simulation software package “Coolpack” (Coolpack, 2001). Default condenser, compressor and expansion valve conditions were assumed. The Coolpack software was used to predict the COP value corresponding to each evaporator temperature (and thereby emissivity value) employed. A plot of COP against emissivity was generated, as shown in Figure 1.
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2.0   MATERIAL AND METHODS
An experimental investigation using a range of conventional modern packaging materials was carried out in order to evaluate in practice, whether substantial reductions in radiation heat absorption could be achieved by the use of low emissivity packaging. Food packaging materials currently in use (Schumacher Centre for Technology and Development, 2009) include metal, foil, glass, paper, cardboard and many polymeric materials.  Polymers are often used in the form of flexible films, for example cellulose based (e.g. cellophane), polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinylidene chloride (PVDC), nylon (polyamide or PA). Some of these are co-extruded, laminated and/or coated with aluminium and/or other polymeric materials.   Laminated materials that include a foil layer are already widely used for food product packaging, although generally for ambient storage foods. If used for refrigerated food products however, these packaging materials may provide low emissivity surfaces and the potential for energy saving. The methodology used to evaluate packaging emissivity was: (i) to determine the emissivities of a wide range of existing food packaging materials using infrared (IR) spectrometry, and identify those with the lowest emissivities; (ii) to use a selection of packaging materials with a range of emissivities for the storage of food products in an open display freezer cabinet and to determine their effect on the rate of radiant heat absorption by food. The aluminium content for a number of the packaging materials used in the freezer tests was also determined. The investigations undertaken are described in sections 2.1 to 2.3 below.

2.1   Measurement of emissivity of food packaging materials
Emissivity values were determined from optical properties measurements performed using a Bruker IFS 66 Fourier transform infrared (IR) spectrophotometer using a 0.2 m diameter diffuse gold coated integrating sphere reflectance attachment. A globar source and potassium bromide (KBr) beamsplitter combination were employed. The signal level inside the integrating sphere was detected using a wall mounted liquid nitrogen cooled mercury cadmium telluride (MCT) solid state detector with 3 x 3 mm2 detector area. Measurements of total near-normal hemispherical spectral reflectance and transmittance were made in the spectral range 2.0 to 20.0 m.

For reflectance measurements the sample was mounted on the rear sample port of the integrating sphere and irradiated with a beam at 10° angle of incidence. Reflectance measurements were made for both sides of each sample. For any materials for which the transmittance was non-zero, transmittance measurements were made with the sample mounted to cover the entry port of the integrating sphere and irradiated with a beam at normal incidence. The system was calibrated using two diffuse gold reflectance standards (Labsphere, 1996) and a bare gold mirror calibrated to a traceable NPL gold mirror (NPL, 2002).

The integrated emissivity at temperature T, (T), is defined as:

  ------------------- (2)

Where:  is the spectral emissivity, Eb (T) is the blackbody spectral emissive power at temperature T; and 1’ and 2’ are the respective wavelength limits of the blackbody spectral distribution for the temperature of interest.

To evaluate this expression, a selected ordinate method was used which divides the thermal distribution into bands of equal energy using the recommended calculation procedure of EN 12898 (CEN, 2001). 

The spectral emissivity , is derived from the relationship below (Siegel and Howell, 1981):

 =   =  1 – (  +  )  ---------------- (3)

Where: is the spectral absorptance;  is the measured spectral reflectance; and is the measured spectral transmittance.

The spectral emissivity , derived from the sum of the spectral reflectance and spectral transmittance measurements, is convoluted with the Planck blackbody spectral distribution, Eb, for a temperature of 283 K and normalised to the ideal emitter ( = 1) to give the total near-normal hemispherical emissivity, . The blackbody distribution is divided into equal energy bands and the integration performed using selected ordinates in accordance with the procedures defined in European Standard EN 12898 (CEN, 2001). For wavelengths greater than 20.0 m, data required for the calculation were extrapolated from the last recorded data point using a validated extrapolation algorithm (EC Contract, 2001; Gelin et al, 2002) developed for the glass and glazing industry.

A wide range of types of food packaging materials were tested, IR spectra measured and emissivity values determined. Food packaging samples were obtained from a range of sources, including many purchased from a range of UK supermarkets. Many of the materials tested were not currently used for refrigerated or frozen food products, however, each was approved for use with food, so could probably be adapted for refrigeration use, if required. 

The tests using the IR spectrophotometer involved preparing 50 mm squares of each packaging material, which were placed in turn over a circular opening in the hemispherical detector. Some examples of the reflectance spectra obtained are shown in Figure 2. 
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Figure 2 shows that a wide range of spectral patterns were determined, and that some packaging materials e.g. 332a, 333a and 402a, show high reflectance (and consequently low emissivity) across the full range of wavelengths. In contrast, samples 101a and 205a showed low reflectance (and therefore high emissivity) across the whole spectrum, while samples 330a, 331a and 337a showed considerable variation in the degree of reflectance at different wavelengths.  A comparison of the results for all of the materials tested revealed that the lowest emissivity (i.e. highest reflectance) values were determined for the materials with metallised surfaces, namely aluminium foil, aluminium foil laminates and aluminium spray coated materials.  This was to be expected since polished aluminium surfaces are known to be highly reflective. Conversely higher emissivity values were found for all of the plastic and paper/cardboard surfaces, which are employed for the majority of refrigerated food products at present. 

2.2	  Effect of packaging material on radiation heat transfer
From the range of food packaging emissivities measured, 4 packaging materials with low emissivity surfaces were selected and subjected to further evaluation in a number of freezer experiments using a food product retail display cabinet.  A high emissivity packaging material, namely waxed paper, also identified from the IR tests, was used as a control for comparison with the performance of the selected low emissivity materials. The materials selected, together with their emissivities and thicknesses are listed in Table 2. 
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The performance of the five samples listed in Table 2 were investigated using a supermarket retail open display, (well-type), freezer cabinet with internal dimensions L x W x H = 1.89 x 0.84 x 0.295 m.  The freezer was first switched on and allowed to reach a steady state, with air temperatures, which were monitored at a number of locations within the cabinet, indicating an average temperature of -26.0 +/- 1.0oC.  Identical food samples consisting of rectangular blocks of homogeneous material and thermal properties (namely lard), of dimensions 0.10 x 0.065 x 0.04 m were used in all of the tests.  The food samples were (tightly) wrapped in the selected packaging materials. For each of the freezer display cabinet tests, two food samples were wrapped in different packaging materials (with different emissivities) and placed on a polished steel plate (of thickness 1 mm) at the same height within the freezer (i.e. just below the load line), with a horizontal separation distance between the samples of 0.1 m. The food samples were then allowed to reach a steady state. For each sample, the top surface and core temperatures were measured, together with the freezer and external ambient temperatures.

2.3	Measurement of aluminium content of packaging samples
An analysis was carried out to determine the aluminium content of each of the packaging materials used in the freezer tests.  This involved taking a known weight (and area) of each packaging material and solubilising the aluminium contained by treating the material with hydrochloric acid.  The dissolved aluminium was then diluted and the aluminium concentrations determined by inductively coupled plasma (ICP) emission spectroscopy.  The percentage aluminium (by weight) for each of the sample packaging materials was then calculated.  

3.0   RESULTS
An example of a typical temperature-time plot for one of the tests is shown in Figure 3. This shows the temperatures of specific thermocouples used to measure room, freezer or specific packaging temperatures as described in the associated legend.
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Most of the food samples had cooled to reach a steady state in approximately 8 hours, however, cooling was continued for up to 21 hours, in each case.  Two interruptions involving significant increases in temperature were found to occur during this period, corresponding to freezer defrost cycles.  The final temperatures were recorded after 20 hours of cooling, by which time all of the food samples had reached steady state, as indicated in Figure 3.  A summary of indicative results typical of those obtained is reported in Table 3. The results shown are the mean for three replicate measured values for samples subjected to the same experimental conditions. 
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It is seen in Table 3 that the highest temperatures recorded, both for the centre of the food sample and at the food/packaging surface, were for the waxed paper control sample (s403). The inside surface of the packaging (i.e. surface temperature for the food) for this sample (s403) was -15.8 ± 0.6C. This compared with a surrounding freezer temperature of -26.1 ± 0.6C. For the samples with the lowest emissivity, namely s312 and s320, very low temperatures were recorded at both the centre of the food sample and at its surface (i.e. the inside surface of the packaging). The centre temperatures for samples s312 and s320 were effectively the same as that for the polished metal plate by which they were supported, which was marginally higher (by 0.5 to 1°C) than the freezer air temperature. In contrast, the surface temperatures for samples s312 and s320 were effectively at the same temperature as the freezer air. These results indicated that the rate of heat absorption for these samples was very low / negligible.  In practice, the low emissivity food packaging would be used to enable the food to be stored at the required food hygiene temperature while allowing the refrigeration system to operate at a higher evaporating temperature and efficiency. In addition, there would also be a reduction in the cooling needed by the food and the cabinet, which would also reduce the cooling power input required.   

The results for the aluminium content analyses undertaken (as described in section 2.3), together with the results for calculations of embodied energy and carbon in the packaging materials tested, are reported in section 4.2.

4.0   DISCUSSION 	
4.1   Life cycle energy and carbon analysis
The experimental results reported above (section 3.0) demonstrate that the use of low emissivity packaging would have a big impact on energy use and consequently carbon emissions resulting from refrigerated food storage. However, the materials used in low emissivity packaging samples can vary and this impacts on the embodied energy and therefore the carbon footprint. The final section of this paper considers the relative embodied energy/ carbon of a range of packaging materials in relation to the energy input and carbon produced, between manufacture and sale.  This enables the overall benefit of low emissivity materials in terms of life cycle energy and potential carbon saving to be identified.  The high reflectance (i.e. low emissivity) of the selected packaging materials used in the freezer tests was ascribed to the presence of aluminium in the reflective outer surface.   It is recognised that aluminium production is an energy intensive activity, which means that the associated carbon output is also high (Norgate et al, 2007).  Therefore, the use of aluminium in packaging materials could increase the embodied energy and/or carbon footprint as compared to packaging materials currently employed for chilled and frozen food products and this could negate the reduced operating energy benefits deriving from the use of these low emissivity materials. A simple Life Cycle Assessment (LCA) of the embodied energy and carbon output for the sample materials was undertaken and compared with those for similar theoretical materials without aluminium. The embodied energy and carbon outputs were determined using data from two sources namely: (1) IDC’s on-line LCA Calculator (IDC, 2011) which utilises data from the Okala methodology (developed by a group of experts including the EPA (Environmental Protection Agency) (IDSA, 2007); (2) the BUWAL databases (developed by the Swiss Agency for the Environment, Forests and Landscape) in SimaPro Life Cycle Assessment software (Pré Consultants, 2004).  The LCA was carried out by calculating the embodied energy/ carbon and direct use energy/ carbon separately.

4.2   Embodied energy/ carbon
The LCAs used were simple “cradle to gate” models and they included the energy inputs and carbon outputs deriving from the extraction, processing and transport of raw materials and the manufacture of the various packaging materials but did not include end-of-life scenarios. The specific composition of the plastics and aluminium in the samples is unknown and so generic data for plastics and aluminium were used in the LCA; similarly it was not known whether any of the material in the samples was recycled, so it was assumed that virgin materials were used.  The energy inputs and carbon outputs for the various manufacturing processes are included in the models. Samples s316 and s320 were assumed to be extruded and then spray coated with aluminium, however, samples s301 and s312 were comprised of rolled aluminium foil bonded together with paper and extruded plastic film respectively, to form laminates. The results for the aluminium content analyses carried out (as described in section 2.3) together with the embodied energy and CO2 calculated per kg of packaging material, are shown in Table 4. 
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It is apparent that the embodied environmental impact of sample s403 (i.e. the waxed paper) is considerably lower than that of the other samples.  In contrast, where the aluminium content is high e.g. for samples s301 and s312, the embodied energy and carbon are relatively high.  However, for the aluminium spray coated plastic materials e.g. samples s316 and s320, the embodied energy and carbon are similar to that for polypropylene plastic alone e.g. sample s103.


4.3   Energy use / carbon emitted during life 
In order to identify whether any overall advantage is derived from the low emissivity materials, the relative energy input to the cooling system for the food over time was calculated.  This assumed that the heat load to the food was derived entirely from radiation to the top surface and that the refrigerator removed this heat by a combination of convection and conduction from the food. This is shown diagrammatically in Figure 4. 
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The rate of absorption of radiation heat by food samples has been calculated using the assumptions of one dimensional, steady state heat transfer.  The effects of packaging thermal mass and conduction through the packaging have been neglected.  In reality, these factors will have some influence on the rate of heat transfer into the food, however, the increased food centre temperatures for the high emissivity packaging samples shown in Table 3 indicate that the rate of heat conduction in the food is significant. The food sample was assumed to be a block of lard of dimensions 0.1 x 0.065 x 0.04 m.

Kirchhoff’s Law of Thermal Radiation states that the total hemispherical emissivity of a body (i.e. surface) equals its total hemispherical absorptivity.  Thus, the absorption of incident radiation at the top surface of the food may be calculated using the Stefan Boltzmann equation (eq. 4).  A free view (i.e. F=1) between the food top surface and the room has been assumed in eq 4.  

    ----------------------------------- (4)

The removal of heat from the food is required in order to maintain its desired refrigerated storage temperature, and this has been assumed to take place solely by conduction and convection.  However, ultimately the radiant heat absorbed by the food is removed by the refrigerator, requiring the input cooling energy. If it is assumed that food held in a retail display cabinet is typically expected to be continuously exposed to thermal radiation for a total of 10 days (i.e. 10 x 24 x 3600 seconds), designated dt, then the total cooling energy i.e. heat removal required for the food, qcool is given by eq. 5.

     ----------------------------------------------- (5)

The input of electrical energy to the refrigerator required to offset the radiant heat load, qelect may be calculated using the COP-emissivity relationship with reference to Figure 1. Selecting the appropriate COP for the emissivity of the packaging in question, the electrical energy required to offset the radiant load may be calculated using eq. 6. It should be noted that this is not the total energy input required for the refrigerator/freezer, since heat will reach the refrigerator through the walls and by convection from the outside air, and also needs to be removed.  However, the energy input required to maintain the cabinet temperature will be lower in the reduced radiation case, since the cabinet can be operated at a higher temperature. 

   ----------------------------------------------- (6)

Using eq. 4, 5 and 6 the electrical input energies required to offset the radiant heat load for the food sample (i.e. food block) considered here have been determined for a range of food packaging materials and emissivities. The carbon produced through the use of electricity was calculated using a carbon to electricity factor of 0.422kg carbon or CO2 /kWh. This is the carbon factor for grid derived electricity based on a mix of generation methods for the UK in 2009 (DEFRA, 2009).

4.4   Life cycle carbon and energy
The calculated relative performance of the 4 low emissivity packaging samples compared to polypropylene packaging are detailed in Table 5. The results indicate that packaging does have a big impact on the life cycle energy used and carbon produced. It can be seen from the analysis that the aluminium foil options reduce energy consumption, however the embodied energy is high, particularly when compared to the polypropylene control, and this negates the energy benefit over the timescale considered. In contrast the sprayed aluminium options use much less aluminium and consequently have a much lower embodied energy. As a result, significant savings in life cycle carbon and energy are indicated. Further savings may also be expected by using thinner aluminium coatings. 
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5.0   Conclusions
This paper describes an investigation into the potential of modern, low emissivity food packaging materials for improving refrigeration system efficiency, energy use and carbon emissions. The results of the new study show that some types of packaging will allow for an increase in refrigerator operating temperature of up to 10 K with no loss of refrigeration performance with respect to the food.   This is predicted to result in improved refrigeration system efficiency, with reductions of up to 30% in both energy consumption and carbon emissions and a likely significant increase in shelf life for stored foods.  In addition, the embodied carbon for the packaging and the life cycle impact of its use have been evaluated. The results show that some types of packaging have a low embodied energy content and that significant net savings in both carbon and energy are predicted over the life cycle by the adoption of this novel packaging material.

The analysis carried out has been based upon specific assumptions in terms of size of food sample, display life, refrigerator characteristics and recycling of the packaging.  Furthermore standard packaging materials have been used. The paper shows the potential savings that are achievable; however more work is required to investigate a range of operating conditions and a range of packaging materials developed for this type of food storage. This work should also consider the minimum thickness of aluminium that should be spray coated.
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